ABSTRACT The spatial patterns of association between spider mites and some of their natural enemies and the potential changes in these association patterns through the season, between years, and as a result of pesticides targeting both the spider mites and their natural enemies were studied in cotton. Included in the study were the spider mites, Tetrunychus spp.; western flower thrips, Frunkliniella occidentulis (Pergande); big-eyed bugs, Geocoris pullens StAl and G . punctipes (Say); and the minute pirate bug, Orius tristicolor (White). Association patterns were modeled using a log-linear statistical model.
SPIDER MITES, Tetrunychus spp., are common herbivores on cotton, Gossypium hirsutum L., and have the potential to cause serious damage (Leigh 1963; Leigh & Burton 1976; Wilson et al. 1983 Wilson et al. , 1991a . Natural enemies are believed to be able to suppress spider mite populations and in many cases are effective in delaying the population buildup. They exhibit the capacity to lower early to middle late-season spider mite abundance (van den Bosch & Hagen 1966 , Gonzalez & Wilson 1982 , Wilson et al. 1991b ). This importance of insect natural enemies in the control of spider mites prompted the following investigation into the patterns of spatial interspecific association exhibited by arthropods in cotton. Included in the current study were spider mites, Tetranychus spp.; western flower thrips, Frunkliniellu occidentalis (Pergande); big-eyed bugs, Geocoris pallens StAl and G . punctipes (Say) ; and the minute pirate bug, Orius tristicolor (White) . The objective of this research was to ascertain the patterns of interspecific spatial association and to investigate how the patterns change through the season, between years, and as a result of pesticide applications targeting either the spider mites or their natural enemies.
Quantitative study of interspecific spatial association has been shown to elucidate ecological relationships between species and can shed light on community structure and population dynamics (Reilly & Sterling 1983 , Bultman & Faeth 1985 , Fritz et al. 1987 , Nyrop 1988 . The study sought to quantify observations of relationships that had heretofore been casual or anecdotal in nature. Insecticides and miticides can have a profound effect on the population dynamics of all the species in this system (Bartlett 1968 , Reynolds et al. 1982 , Iftner & Hall 1983 , Penman & Chapman 1988 . The effects of this disruption on spatial association are unknown. Last, the study sought to investigate the level of complexity present in associating assemblages of species. More specifically, can association patterns be described by pair-wise interactions among species, or are higher-order interactions needed to describe accurately the dynamics of this and possible other systems? This question is important because often, the statistical methodology used in measuring association is limited to pairwise interactions (e.g., Hurlbert 1969 , Schoenig 1991 .
Materials and Methods
Experimental Design. The data in the current study were collected from cotton plants that were part of a large, designed experiment set up during 1982 and 1983 to investigate relationships between spider mite population dynamics, cotton yields, pesticides, and spider mite natural enemies. The study fields, located at the University of California Westside Field Station, were planted with the cultivar Acala SJ-2 on 5 April each year. So that associations could be com-pared across years and across equivalent treatments, new treatment categories were regrouped from those originally present in the complete experiment.
The 1982 study was a factorial experiment based on a split-plot design of 6.7 ha containing four blocks representing levels of permethrin, each of which was divided into six subplots or treatments. Only four of those treatments were included in this analysis: (1) no pesticides, (2) dicofol (at half or full label rate), applied at 0.2 P(1) (proportion infested by spider mites) and permethrin (combination of four levels), (3) dicofol (at full rate) applied at 0.8 P(1) in combination with permethrin (combination of four levels), and (4) permethrin (combination of four levels) with no dicofol. Permethrin was used as an insecticide to suppress natural enemies. The acaricide dicofol was used to suppress spider mites. To guarantee a minimum level of spider mites in all plots, a small number of cotton leaves from another field with damage symptoms resembling that of Tetranychus turkestani Ugarov & Nikolski, was distributed to all plots on 4, 9, 15, and 22 June. To reduce further the dimensionality of the data, the different permethrin levels for each treatment were grouped into one category.
The 1983 study was based on a modified factorial split-plot design in which each of five blocks was subdivided into four treatments. Each block represented five separate dates of permethrin application, followed by inoculative release of T . turkestani. Releases of greenhousereared spider mites occurred on 8 and 22 June, 6 and 20 July, and 3 August. Differences between blocks were based on release dates of T . turkestani and applications of permethrin. A sixth block, representing the modified part of the design, was subdivided into six plots, five of which received inoculative releases of T . turkestani but no permethrin, corresponding to the release dates of the first five blocks. The sixth plot remained untreated and was used for testing natural spatial homogeneity (Trichilo et al. 1990 ).
This design was translated into a set of treatments analogous to those in 1982. This collapsing of the treatments was justified by preliminary results, which indicated that spider mite releases in the absence of permethrin did not greatly alter spider mite population dynamics. Timing, application rates, and experimental designs for 1982 and 1983 are described in detail by Trichilo et al. (1990) .
Sampling. Starting on 4 and 2 June in 1982 and 1983, respectively, cotton leaves were sampled weekly until 21 September and 8 October, respectively. Within each plot, leaves were sampled randomly and inspected visually for the presence or absence of western flower thrips larvae, western flower thrips adults, spider mites, big-eyed bugs, and minute pirate bugs. Leaves were sampled in 40 leaf sets, with one or more sets collected for a given date and treatment; -40,000 leaves were inspected. To reduce the number of sampling date categories, weeks were classified into three groups corresponding to the spider mite growth phase: early phase (P(1) c: O.l), midphase (0.1 c P(1) 5 0.8), and late phase (P(1) > 0.8). Although there was some variability in the initiation of the spider mite population growth phase among treatments, for the treatment categories it spanned 19 July to 23 August in 1982 and 20 July to 24 August in 1983.
Statistical Analysis. The original design of the experiment and the subsequent regrouping of treatments resulted in the formation of a 2 x 4 x 3 x 2 x 2 x 2 x 2 x 2 contingency table (total, 768 cells) for the variables of year (Y), treatment (T), outbreak phase ( P ) , thrips larvae (L), thrips adults (A), spider mites ( M ) , big-eyed bugs ( B ) , and minute pirate bugs (0). To quantify and analyze the association between the five arthropods and the effects of year, treatment, and growth phase on these associations, a log-linear model was fit to the frequencies in the contingency table. Log-linear models were used to identify the underlying structure of a set of categorical variables and were described in detail by Bishop et al. (1975) The constant 8 ensures that the cell entries sum to the total sample size. The value of this saturated model lies in its ability to examine the primary associations between each species pair and all possible ways in which these associations are influenced by the other factors. However, the large number of terms makes the presentation and interpretation of the estimated parameters unwieldy. The procedures described below were used for suggesting and testing the fit of progressively simpler hierarchical models to find a model that adequately accounted for the association in the eight-way table. This study contained a large number of observations; hence, standard errors for the parameters and P values for the hypothesis tests were expected to reflect the corresponding inflation of statistical power (Zahn & Fein 1979) . As a result, a conservative approach was taken to interpret these values and set standards much higher than normally required.
All analyses were conducted using the BMDP 4F Log-Linear Model computer program (Dixon 1988) . Cells in the table that contained no observations were present in the classification. These zeros present problems in the fitting of log-linear models, and the convention of replacing all sampling zeros with the quantity 0.5 (Reynolds 1977 ) was adopted. Methods and criteria for the selection of log-linear models are described by Benedetti & Brown (1978) and Fienberg (1980) . Akikee's criterion statistic (Linhart & Zucchini 1986 ) was used to measure model goodness of fit and is expressed as
where the likelihood ratio statistic is and Fllklntnop is the expected value of fuklmnop for the model being fit. An approach was chosen to identify a model built up of terms that were deemed likely to be important in the model based on a biologically meaningful level of significance.
An initial screening for terms was conducted by fitting the saturated model, then observing the standardized parameter values. In a conservative fashion, given the extremely large sample size, only parameters with a standardized value >3.5 were considered for inclusion in the starting model. Another method used to identify terms for inclusion, and to indicate the complexity of terms which are needed, was a series of Brown's tests of partial and marginal association for each possible term in the model (Brown 1976) . Also, a series of models that successively contain all terms of a given level of association was fitted and Akikee's criterion was calculated. Drawing from this pool of terms, the smallest hierarchical model that included all of the potentially important terms was created.
Results and Discussion
Abundance Patterns. The patterns of proportion of infested leaves for the five arthropod categories for the four treatment categories in 1982 and 1983 are displayed in Fig. 1 and 2 , respectively. The patterns are relatively constant within years; however, more differences occur between years. Thrips abundances dropped off during 1983 from the high early-season levels of 1982. The abundances of minute pirate bugs and big eyed bugs changed dramatically between 1982 and 1983, with the minute pirate bugs declining in prevalence and the big-eyed bugs increasing. The effects of the different treatments on the infestation levels is not entirely clear or consistent, except during 1982 when the spider mite infestation was much lower in the pesticide-free treatment.
Model Selection. Table 1 shows Akikee's criterion for a nested series of nine models which comprise all interaction terms at a given level of interaction complexity (K) and all lower-level in- 1983. Treatment 1, no pesticides; treatment 2, permethrin applied followed by a dicofol application when 20% of the leaves became infested with spider mites; treatment 3, permethrin applied followed by a dicofol application when 80% of the leaves became infested with spider mites; treatment 4, permethrin applied alone. teractions and main effects. This gives an idea of the general level of interaction complexity that will give the best fit to the data. Based upon Akikee's criterion, a model with all four-way terms gives the best fit. After consideration of the significance of interaction terms in the saturated model and results of the individual association tests, two models were selected upon which to focus the analysis. These models (model 1 and model 2) are shown in Table 2 . Model 1, which contained one five-way and seven four-way interactions, in addition to many three-and twoway terms, was selected using a levels for the hypothesis tests (0.05) and cutoff levels for the standardized parameter values (1.96) which are conventional in log-linear model fitting (Fienberg 1980 , Dixon 1988 ). This model also had the lowest value of Akikee's criterion for all models examined. Two concerns, however, led to the rejection of this model and the choice of a much simpler one. Most important, the large number of data points in the analysis was larger than is typically used in contingency table analysis and increased the power of the analysis to detect effects that might not be biologically meaningful. Simultaneous test that all K + l-way and higher order interaction terms are zero Second, even if there was some moderate biological basis for these higher-order interactions, the interpretation of such complex associations is difficult at best and might not be critical in accurately predicting co-occurrence.
Based on the log-ratio 2 results shown in Table l , it is clear that a model limited to only three-way (and lower) interactions would produce a fit that is very close in comparison with more complex models. To compensate for the increased power of the interaction term association tests and standardized fitted parameter values in the saturated model, a criterion was chosen that three-way (and higher) interaction terms would be included in the model only if they were of the same order of magnitude as the twoway interaction terms. Model 2 was the result of this more conservative modeling strategy and is the model interpreted in this paper. Model Interpretation. Because there were higher order interactions, two-way interaction parameters are only approximately interpretable as association measures for the nine species pairs. Instead, association must be calculated conditionally on the levels of the interacting variables. This is done b y combining the two-way parameter values with the higher-order interaction effects. Conditional associations are reported in Table 3 in the form of odds ratios (Page 1977 , Holt 1979 , Schoenig 1991 for each pairwise species combination. The odds ratio is the ratio of the conditional odds of a leaf containing one species when the other species is present/ the odds when the other species is not present. A value of the odds ratio >1 indicates a positive association, a value <1 a negative association, and a value = 1 indicates independent association.
Co-Occurrence Between Spider Mites and Their Predators. Western flower thrips is an opportunistic predator of spider mites eggs but feeds primarily on cotton leaves and pollen. For larval thrips, the association with spider mites changed throughout the season and between years, whereas association for adult thrips changed within the season but not between YPLM, YPAB, TPLA, TPLM, TPAM, TPMB, TPMO,  TPBO, YAMO, PLMO, PLB, PAO, LAO, years. Association was negative early and midseason in 1982 for larval thrips and all season long during both years for adult thrips. Furthermore, for both larvae and adults, associations became less negative (or more positive) as the season progressed. These early season negative associations could be the result of the avoidance of spider mite-infested leaves by adult thrips as feeding and oviposition sites. Spider mite feeding results in a degradation of leaf tissue quality, and the benefits of diet augmentation with spider mites might not outweigh this effect. In addition, leaf quality seems to diminish over the season. The effect of year on the larval thrips-spider mite interaction is not easily explainable and probably serves to highlight that there are many factors affecting these associations that are not included in the study.
Orius and Geocoris are generalist predators which feed on spider mites, !hrips, each other, and on many other pests occurring in cotton. Both of these predators showed positive associations with spider mites over all levels of interacting variables. Orius showed very high association early in the season, which dropped off to moderate levels later on. This could be the result of other prey becoming available later in the season (Gonzalez & Wilson 1982) . Also, it is known that Orius adults are active pollen feeders; the adults and nymphs frequent cotton flowers to a great degree once flowering is initiated (Wilson & Gutierrez 1980) . The association between Geocoris and spider mites remained constant over the season but was stronger in 1983 than in 1982. As with the larval thrips-spider mites combination, the year effect was strongly significant but not obviously explainable. The only three-species interaction included in model 2 was between spider mites, Orius, and Geocoris. The effect of this interaction was to diminish the probability of co-occurrence between any two of these in the presence of the third. It is interesting to note that, in the absence of spider mites, there is a positive association between the two predators.
Co-Occurrence Between the Spider Mite Predators. The four predators in this study form a complex set of relationships (Fig. 3) which serve as a backdrop for the observed co-occurrence patterns. Larval and adult thrips are positively associated throughout the season; the late season association is stronger than during early or midseason. This association may be due to adults remaining in areas where oviposition occurs or to mutual attraction to leaves that are favorable in some respect. Given the negative association between adult thrips and spider mites, it would be hard to argue that larval and adult thrips are Odds ratios >1 represent a positive association, < I a negative association. Values were derived from the parameters of the log-linear model. All values are significantly different from 1.0 (P < 0.001).
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Vol. 21, no. 3 being attracted to leaves on which spider mites occur. It is interesting to see that the movement of adult thrips from leaves to flowers during midseason (Pickett et al. 1988) does not seem to affect association, and it is only after flowering that the association intensifies. The association patterns between larval thrips and Orius, larval thrips and Geocoris, adult thrips and Orius, and adult thrips and Geocoris are somewhat similar except for the simple nature of the latter. For the first three, early season associations are weakly negative, midseason associations are divergent but weak, and all lateseason associations become strongly positive. The fourth is constant over all levels of the other variables as a weak positive association. All of these odds ratios were of lesser magnitude than the larger ones associated with spider mite interactions. Both Orius and Geocoris feed on thrips. It is hard to know whether the observed patterns reflect associations of predators competing for prey or patterns of predators pursuing prey. Fig.  1 and 2 indicate that the seasonal peak in the abundance of the thrips do not overlap with the two bugs. How this might effect co-occurrence patterns is not clear.
The association between Orius and Geocoris was found to be dependent only on whether spider mites were present or absent. With spider mites present, almost no association between the two predators was evident. In the absence of spider mites, there was a strong positive association which was constant across the season. These two predators can feed on each other and share many other prey in addition to spider mites and thrips.
Conclusions. This study has documented association patterns between spider mites and some of their natural enemies in cotton and indicated some factors that influence these associations, More specifically, the study has calculated conditional odds ratios based on a log-linear model that was conservatively constructed. Cooccurrence patterns for some species pairs were seen to change over the season, year to year, or conditionally upon the presence of a third species. In general, associations tended to become more positive (or less negative) as the season progressed. Pesticide treatments (dicofol, permethrin) were not found to affect association relationships.
The conditional odds ratios presented report the net results of aggregate processes of emigration, immigration, natality, mortality, competition, predation, and possibly commensalistic and mutalistic relationships. A statistical association between two species does not necessarily imply a behavioral attraction between the two. It is possible that they are both attracted to some common factor (known or unknown) on the leaves. For some species pairs, it is possible to predict or explain co-occurrence and odds ratios patterns based upon known biology. Some biological relationships, such as predation, do not lend themselves to simple predictions or interpretations. Should predatory relationships lead to positive associations? Or do local extinctions of prey by predators lead to negative associations? Questions such as these remain unanswered and necessitate further experiments focused on the influences of population dynamics, behavior, and environmental factors on association.
